The frequency response of the dissolution of a copper rotating disk in 0.1 N HCl is investigated. Specifically, the effect of accounting for finite rates of the homogeneous complexing reaction is explored by utilizing a perturbation analysis to split the diffusion boundary layer into inner and outer regions so that the salient features of the problem can be examined separately. Formulating the singular perturbation problem lea:ds to a better understanding of the physical nature of the faradaic impedance of the system and enables one to characterize quantitatively the numerical errors resulting from the Stefan-Maxwell impedance algorithm that arise for certain values of the rate constants and frequency range. Complex-plane plots, calculated from the SM model and the perturbation analysis, illustrate the frequency dependence of the faradaic impedance for A different values of the homogeneous rate constant k 6 and allow comparisons to be made.
Introduction
The Stefan-Maxwell modell 1 1 is capable of predicting the faradaic impedance as a function of frequency for many electrochemical systems. However, interpreting the numerical impedance results is not always easy, for just as in an ac experiment, several processes occur simultaneously with overlapping time constants, making it difficult to understand what physical phenomena determine the specific frequency dependence of the impedance. For this reason, a mathematical treatment of the frequency-response characteristics of a rotating disk electrode is to be presented. The perturbation analysis enables one to see separately the effect of individual reactions and other transport effects on the faradaic impedance.
A steady-state perturbation analysis1 2 1 has been carried ~ut to characterize the effects of finite rates of a homogeneous reaction that follows an electrode reaction. In that problem, the diffusion-boundary layer was split into two regions: an inner region where convection to the disk is neglected and an outer region where the homogeneous reaction is assumed to be equilibrated. A similar approach is used here to solve the frequency-dependent problem for a wide range of rate constants of the homogeneous reaction. As in the steady-state perturbation analysis, the largely mass-transfer controlled anodic dissolution of copper in chloride solutions1 3 1 is investigated, where the following Er Ci mechanism t is applicable:
t Er refers to a nearly reversible electrochemical reaction; and Ci refers to a following, somewhat irreversible homogeneous chemical reaction. 
Here, the product of the nearly reversible electrode reaction, the cuprous ion, reacts homogeneously with the added ion of the supporting electrolyte to produce the copper complexed species CuCl;. Many electrochemical techniques have been applied to study this type of reaction mechanism, and their theoretical treatments have been summarized in reference [4] .
.
In this paper, we are interested in characterizing theoretically the effects of fast, but finite rates of the homogeneous reaction on the faradaic impedance at a rotating disk. Applications of the perturbation analysis include not only interpretation of the experimental frequen<;y response but also data reduction that will enable the determination of the desired homogeneous reaction rate constant. Additionally, the perturbation analysis will aid in determining sources of numerical errors in the StefanMaxwell program that can arise for certain values of the input parameters, and the perturbation solution then will be used to estimate the order of magnitude of these errors.
Model Development
The governmg equations, usmg dilute-solution theory with no migration, are 
{5)
and the parameters have the same meaning as in the previous paper.1 2 1 Introduction of the dimensionless distance and frequency, (6) respectively, where the effective diffusion coefficient is given by A,
enables the material balances to be rewritten in terms of these dimensionless parameters accordingly
•' . k ;-1 , and in a time interval ; , the cuprous ion. will diffuse for a distance ~.1 6 1 In this paper, ~ will be used to characterize the effect of finite rates of the homogeneous A A reaction{~-0 as k 6 -oo and~ 4 oo as k 6 -0).
For small values of ~ (or fJ /b), the homogeneous reaction thickness is small relative to the diffusion boundary layer, and a perturbation problem results as described for the steady-state case in reference [2] . The distance variable ~ needs to be stretched according to the different ranges of frequency. ·rt will be shown later that stretching makes the diffusion term appear to be the same order as the homogeneous reaction terms, and that the convective terms are negligible in the inner region close to the electrode surface. Before presenting the appropriate equations for the inner and outer regions of the perturbation problem, let us discuss the boundary conditions.
The ac boundary conditions in the bulk are 6 and ~ =0 at (11)
The arbitrary zero of potential is specified at the frequency dependent Zmax = oemax'
where the rotating-disk problem is scaled using the largest diffusion coefficient D max·
The frequency dependenc~ of emax was cited by Vetter,1
where p = w /0 is the dimensionless frequency and Sc = 11/ D is the effective Schmidt number. The boundary condition at the electrode relates the flux of species £ to the electrochemical reaction occurring at the surface
where in is the normal component of the alternating faradaic current density. Next, we are interested in obtaining approximate analytic solutions to the transient materialbalance equations 8 and 9 for small A, since an exact solution is not possible.
In the outer region, setting A equal -to zero in equations 8 and 9 yields two identical equations signifying homogeneous-reaction equilibrium: c 4 
Again, the first terms on the right of these equations account for convective diffusion and an equilibrated homogeneous reaction. The second terms on the right are corrections for finite rates of the homogeneous reaction, and, in the outer region, these corrections arise from terms neglected in equations 8 and 9 and thus are of order A::!. 
The stretching ma~es the diffusion term appear to be the same order as the homogeneous reaction terms, thereby ensuring that the boundary condition at the electrode can be satisfied. The stretching also shows that the convective terms (those multiplied by E::!) are negligible in the inner region. A.
Equation 19, with neglect of convection and subtraction of equation 21, yields
In the inner region, the alternating-concentration approximations take the form· accounts for convection by using the 8 solution in both the inner and outer regions, effectively replacing a solution with a second value of B, and thereby encompasses a range of conditions in a fairly simple form.
Faradaic Impedance
The ac faradaic current density is a function of the kinetic potential difference V and the concentration ci,O at the electrode surface. Linearization of the modified Bu tier-Volmer rate equation 27 in reference [2] , using the following Taylor expansion around the steady-state values of S,o and V,
enables the faradaic impedance ZF = V /in to be determined. A new dimensionless faradaic impedance is defined as .. t The steady-state potential profiles!!!/ also display significantly different behavior for these two cases. Specifically, the slope of the potential profile at the surface reverses itself. Although this phenomenon does not affect the faradaic impedance, it will have an effect on the solution impedance and will be discussed in another paper. for different values of k 6 = lOz, where x ranges from 0 to 10, is given in figure 6 . The figure is somewhat busy, but it clearly summarizes the point that significant differences
in the frequency response occur for different values of k 6 . As k 6 increases, the homogeneous reaction resistance decreases, and the relative sizes of the two loops are 
Discussion of Results
In this paper, the frequency response of a particular electrode reaction with a coupled chemical reaction has been investigated. The rate of the homogeneous complexing reaction that follows the electrochemical dissolution reaction has been shown, using both complex-plane and Bode plots, to affect significantly the resulting faradaic impedance. We examine next results of the theoretical treatments of the Er Ci reaction mechanism by employing the "zone diagram" given by figure 8, a log-log plot of the reciprocal of the dimensionless perturbation parameter squared, ~ -2 , versus the 
Conclusions
The general Stefan-Maxwell program1 1 1 accounting for multicomponent diffusion, migration, and convection, in addition to any number of homogeneous and heterogeneous reactions, is a very powerful algorithm for studying the frequency response of the rotating disk. However, when utilizing computer implemented techniques, one must be cautious of numerical inaccuracies that can arise for certain values of the system parameters.
In this paper, the dissolution of a copper rotating disk has been studied. We have
shown that a perturbation analysis can be used to elucidate numerical errors that did occur for the case of large, but finite, rate constants of the homogeneous complexing reaction. Introduction of the dimensionless impedance also proved to be very helpful for generalization and elimination of strong and otherwise overriding steady-state factors (like V or T n)· Additionally, the analytic solutions to the simplified governing equations In the text, we justified separating the diffusion-boundary layer into two regions:
an inner region where convection is neglected and an outer region, where the homogeneous reaction is treated as being equilibrated. Equations 21 and 22 were obtained by stretching the inner region and neglecting the convective terms. Here, we will present both low-to-moderate and high frequency approximations to these equations in terms of c3 and c4 for large, but finite homogeneous rate constants.
Moderate Frequencies
For low to moderate frequencies, both the convective terms and the left side of 
Next, the boundary condition at ~ = 0, given by equation 13, gives the constant P, thus enabling equation AS for c 3 0 to be written
The impedance equation 32 reduces to
for this limiting case of moderate frequencies. In the limit of .6. -0 (k 6 -oo), ZF approaches the normalized dimensionless convective Warburg impedance written in terms of the effective diffusion coefficient D.
High Frequencies
For high frequencies, the K .6. . D3D4 1
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